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Defect-Related Breakdown and Conduction in SiO,

A statistical model incorporating the effects of defects provides a good representation of breakdown results for Al-5iO -Si
MOS capacitors. Implications of this model for interpretation of the yield from life tests and histograms obtained from
ramp tests are discussed for the case of a Poisson distribution of defects over the capacitors. The breakdown rates of
MOS capacitors in life tests are found to be correlated to defects inferred from conduction measurements.

Introduction

The major role of the gate insulator in MOSFETs is to
allow for the application of an electric field normal to the
surface of the semiconductor; however, there must be
negligible current through the gate insulator. Associated
with this role is a failure mode: dielectric breakdown of
the gate insulator (i.e., a collapse of the dielectric strength
of the gate insulator), a situation that terminates the activ-
ity of the device. Among the various dielectrics available,
the material most frequently used for gate insulators is
silicon dioxide (SiO,), chosen because of its excellent
electrical properties, remarkable stability, and compati-
bility with silicon technologies currently used in the mi-
croelectronics industry. Breakdowns in SiO,, reviewed
recently by Solomon [1], are classified as either high-field
intrinsic events or low-field defect-related phenomena.
The latter, though of greater technological importance,
are understood less than the intrinsic events and are the
subject of this paper.

Various techniques have been used to detect defects in
insulators [2], including the use of liquid crystals for the
detection of ‘*hot spots’” (regions of high current density
in gate insulators) [3], scanning internal photoemission
[4, 5], and scanning internal photovoltage [6, 7]. Re-
cently, we have found that defects at Al-SiO, interfaces
can be inferred from deviations of the current-voltage
(I-V) characteristics of Al-Si0,-Si MOS capacitors [8].
Two kinds of defects could be distinguished. At low fields,
we sometimes found a component of current whose field de-

pendence was not reconcilable with any of the electrode-
limited models known to us and whose temperature de-
pendence was stronger than that associated with field
emission. At intermediate fields, another component of
excess current was found: one that followed the field and
temperature dependence appropriate for field emission,
but that had a lower barrier height. The defect-free Al-
SiO, interfacial barrier height ¢, is 3.19 eV and analysis
of the excess current at intermediate fields provides a
lower Al-SiO, barrier height ¢, (2.43 = 0.09 eV) charac-
teristic of the defect. The fractional area covered by the
defect can also be obtained from the data. The lack of
correlation between deviations in the intermediate- and
low-field regions and the different temperature and field
dependencies imply two different types of defects.

The use of I-V characteristics to determine the exis-
tence of defects has advantages over other techniques.
First, the strong exponential dependence of the current
on the interfacial barrier height provides extreme sensi-
tivity vis-d-vis inhomogeneities of interfacial barrier
heights, and thus allows the detection of even very small
areas of such regions. Second, the measurements can also
be carried out on simple MOS capacitors, thus eliminat-
ing the need for special structures.

This study was carried out in two phases. First, we ob-
tained I-V characteristics of Al-SiO,-Si MOS capacitors
with dry thermal SiO, grown at 1200°, 1000°, and 850°C.
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This provided a distribution of the two defects over the
capacitors. Subsequently, the MOS capacitors were sub-
jected to field-temperature stress tests, during which the
times to breakdown were monitored. Our objective was
to determine whether any correlation existed between the
incidence of defects and the times to breakdown; the re-
sults suggest that this is the case. Early breakdown (com-
monly referred to as *‘time-zero’’ breakdown) may be re-
lated to defects associated with low-field current devia-
tions, whereas longer mean times to breakdown are found
for smaller areas of interfacial inhomogeneity. We find
that densities of the interfacial inhomogeneities decrease
with increasing oxidation temperature [9]. Consistent
with this finding, similar samples, after subjection to field-
temperature stress, showed mean times to breakdown
that increased with increasing oxidation temperature.

The results of these field-temperature stress tests (life
tests) are consistent with breakdown events being ran-
dom and a dependency of the lifetime on the defect area.
In contrast with previous notions, we find no need to in-
voke wearout mechanisms [10, 11]. A steep rise in a plot
of the cumulative number of MOS capacitors breaking
down as a function of the logarithm of the time is ex-
pected from a statistical model (discussed later).

The usual procedure [1] for obtaining defect densities is
to equate the fraction of MOS capacitors surviving a
breakdown test to the negative exponential of the area of
the MOS capacitor times the defect density. This assumes
a Poisson distribution of defects and results in a defect
density that depends on the field and the duration of the
test. In reality, these tests provide breakdown densities
(i.e., the density of defects that break down during the
test) rather than the required defect density. Our proce-
dure provides both the defect densities (from conduction
measurements) and the breakdown times (from field-tem-
perature life tests).

Much confusion exists concerning the dependence of
defect-related breakdown events on processing. As
pointed out by Solomon [1], the values of defect densities
obtained from an experiment depend on the nature of the
experiment, the quality or initial state of the wafers, the
cleaning procedures, the various preoxidation treatments
[12], the oxidation conditions, the cleanliness of the fur-
nace, the techniques of electrode deposition, and the vari-
ous annealing treatments. Thus, it may not be too surpris-
ing that the lower defect densities we obtained at higher
oxidation temperatures are contrary to those reported by
Osburn and Ormond [13]. A possible cause for this dis-
crepancy is that at higher oxidation temperatures the
cleanliness of the furnace becomes more critical. To ob-
tain our results for the 1200°C oxidation, the furnace was
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cleaned with HCI (see details in the section on experimen-
tal procedures). In the absence of this step, MOS capaci-
tors with oxides grown at 1200°C showed large defect
densities.

Experimental procedures

Single-crystal silicon wafers, (100) p-type boron-doped (p
= 15 {}-cm), were cleaned and then thermally oxidized at
ambient oxidation temperatures T, of 1200°, 1000°, and
850°C in a single-walled fused silica tube that had been
HCl cleaned to nominal thicknesses of 100, 36, and
25 nm, respectively. The HCI cleaning consisted of run-
ning a 5% HC1/95% O, gas mixture through the tube at the
oxidation temperature for 2 h and then purging overnight
in dry O, (=16 h) immediately prior to the oxidation run.
The wafers were subsequently annealed in situ at the cor-
responding temperatures for 20, 35, and 245 min in a ni-
trogen environment. For a few wafers with oxide grown
at 1200°C, the 100-nm oxide film was then chemically
etched back to a nominal thickness of 36 nm in order to
prevent impact ionization in the oxide during high-field
conduction measurements [14]. In a separate run, similar
wafers were oxidized to a nominal film thickness of
100 nm, at 1000°C for 180 min, followed by an in situ 30-
min post-oxidation anneal.

Aluminum electrodes 100 nm thick were deposited by
e-gun via metal masks with nominal areas of 0.057, 0.20,
and 1.85 mm®. An ~500-nm-thick layer of aluminum was
deposited on the back side of the wafers to improve
ohmic contact to the silicon. After metallization, the wa-
fers were annealed for 20 min at 400°C in a 90% N,/10%
H, environment. This annealing step eliminates charge
and surface states introduced during e-gun deposition of
Al [15]. It has been reported that Al penetrates the oxide
at annealing temperatures =500°C [16, 17]. In another
study [ 18], the oxide transport properties were unaffected
by high Al concentrations; identical results were obtained
for Al-SiO,-Si MOS capacitors unannealed or annealed at
500° and 550°C for 20 min. If significant penetration did
occur during the 400°C anneal, our results could presum-
ably be influenced by the presence of Al and thus may not
reflect the properties of pure SiO,. However, to our
knowledge, no experimental evidence exists for such pen-
etration at 400°C.

Oxide thicknesses were determined from ellipsometric
and capacitance measurements; a refractive index of
1.465 and a low-frequency dielectric constant of 3.9 were
assumed. The actual electrode areas A were determined
from measurements of the diameters of the electrodes
with a micrometer-calibrated microscope. After the post-
metallization anneal, we measured (via the I-V loop
method [19]) a mobile-charge density in the oxide of
=6.8 x 10"/mm”.
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The room-temperature high-frequency capacitance-
voltage (C-V) curves were obtained in a configuration
similar to that outlined by Grove et al. [20]. The flatband
voltage shift for a charge-free oxide is a known function
of the substrate doping and of the difference between the
barrier heights for Al-SiO, (3.2 eV) [21] and Si-SiO,
(3.1 eV from the Si conduction band) [22]. For our sam-
ples this shift was calculated to be 0.8 V for 7 = 300 K.
We accepted only capacitors whose flatband voltage shift
was within 0.05 V of this value. Details concerning mea-
surements of the I-V characteristics of the MOS capaci-
tors are given in Ref. {14] and are not repeated here. For
the field-temperature stress tests, the Al-Si0O,-Si MOS ca-
pacitors with electrode areas equal to 0.2 mm® were
stressed on a temperature-controlled multiple-probe stage
assembly. The stressed capacitors were connected, each
through a separate 1-M{) series resistor, to a common
voltage source. Breakdown of any given capacitor was
defined when the current through that capacitor exceeded
1 1A, as determined from the voltage drop across the cor-
responding series resistor. These voltage drops were
monitored to provide the times to breakdown for individ-
ual MOS capacitors. Due to limitations in time resolution,
all breakdown events that occurred within the first 6 min
were lumped into a ‘‘time-zero’’ breakdown category.

All MOS capacitors were screened prior to the appli-
cation of the field-temperature stress test to eliminate
those capacitors with gross defects. This screening was
done by applying 400 MV/m for about an hour at room
temperature prior to increasing the temperature.

Results and analysis

Features of the I-V characteristics of Al-SiO,-Si(p) MOS
capacitors (Al electrode biased negatively) can be used to
provide information concerning oxide-related defects. If a
defect affects the current and if the fractional effective
area of the defect fluctuates from sample to sample, the
observed currents should fluctuate correspondingly.
Thus, variations in the observed currents among various
MOS capacitors could be used to signify the presence and
type of defects. We identified two types of defects.

In the course of the conduction measurements, we
found a component of current at low fields that could not
be explained by our generalized model, even with the
interfacial inhomogeneities. This component of current
exhibited an abnormally high temperature dependence
and an abnormally low field dependence. Thus, we attrib-
ute this component of current to a defect distinct from the
interfacial inhomogeneity and denote it as a tail defect.
We also often found that capacitors having high currents
at low fields break down within an exceedingly short time
compared to those not exhibiting such currents, suggest-
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Figure 1 Current density J vs. field F for T = 350 K; o =
4.04 X 107% ¢, = 3.19eV, ¢, = 243 V.

ing a causal relation between tail defects and early (time-
zero) breakdown found in the field-temperature stress
tests.

From variations of the I-V characteristics at fields F in
the range of =600-800 MV/m, one type of defect is char-
acterized as an interfacial barrier inhomogeneity. If we
consider an MOS capacitor with a homogeneous Al-SiO,
interfacial barrier height ¢, 0of 3.19 eV to contain an inter-
facial inhomogeneity characterized by a lower barrier
height ¢, and a fractional effective area «, the experimen-
tally observed current density J, assumed to be a super-
position of the two components, can be written as a com-
posite current density

J.o=(0—-a), +al,. (N

Here, J, and J, are the current densities J(¢) obtained
from the Murphy-Good theory for currents injected from
a metal electrode into a vacuum [23], generalized to the
case where the vacuum is replaced by an insulator with a
Franz-type dispersion relation [24]. Thus, J(¢) gives J,
for & = ¢, and J, for ¢ = ¢,. This superposition is an
excellent representation of the experimental results for ¢,
= 3.19 and ¢, = 2.43 eV (see for example Fig. 1). We
found other parameters of the generalized model per-
taining to properties of the SiO, to be invariant with the
interfacial inhomogeneity [8].
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Figure 2 Distribution of defect areas a, normalized to A =
0.20 mm?, as a function of the inverse of T,.

Table 1 Effective area a (in um®) associated with ¢, as a func-
tion of the oxidation temperature for nominal oxide film thick-
nesses as indicated.

T, = 1200°C 1000° C 850° C
film thickness = 36 nm' 36 nm® 25 nm?®
0.122 0.091* 0.25*
0.223 0.163* 1.79*
0.229 0.329 2.71°
0.262 0.581* 4.16
0.313 0.627 21.6
0.341 1.00 52.1
0.43 1.60 69.4
0.44 1.68* 115.4
0.442 2.33 1070.0
0.473° 2.36
0.579 4.99
0.616 5.88
0.711
0.807°
0.886
!After etch-back.
2As-grown.

*Film thickness of oxide is 90 nm.
“Nominal area of Al electrode is 0.057 mm®.
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Figure 1 shows the experimental results of current den-
sity vs. field (data points), the current density J, comput-
ed with the mean values of the parameters pertaining to
the generalized model (- - -), and the composite current
density J, (——). For this sample a = 4.04 x 107°. Atlow
fields (=600 MV/m) the experimental data show a clear
change of trend.

Table 1 lists the effective areas associated with ¢, for
the three oxidation temperatures 7,,. Unless otherwise
specified, the nominal area of the Al electrode is 0.2 mm?,
¢, = 2.43 = 0.09 eV, and the nominal oxide film thick-
nesses are as follows [T, _(°C), thickness (nm)]: 1200, 36;
1000, 36; 850, 25.

The mean area @ and the standard deviation o of the
inhomogeneities associated with T, = 1200°C, d ,,, and
soo» are 0.485 um® and 0.224 um®, respectively;
(0 1300) /8,900 = 0.11 um®, and since this is smaller than
the smallest a , (¢ = aA), the ensemble can be normal-
ized to obey a Poisson distribution, a notion that conveys
randomness. The inhomogeneities associated with T =
1000°C are averaged as two separate subsets, in accord-
ance with the area of the respective electrodes A, Ag (4,
= 0.2 mm®, A = 0.05 mm®). For the larger-area electrode
(denoted by L) @, = 2.39 um® and o, = 2.02 um®.
For the smaller-area electrode (denoted by S), a,,, =
0.629 um’ and o,,, = 0.733 wm’. It turns out that
the ratio of (&) /(G,400)s = A./Ag. Here, because
[(0 1900 /@ 10po). = 1.7 pm® and is larger than the smallest
(@, 400, (0.33 um®), we can only say that the sample size is
too small to allow determination of whether the distribu-
tion is indeed random. The inhomogeneities associated
with the 850°C oxidation are found to have areas distrib-
uted over several orders of magnitude. When averaged,
this ensemble provides a mean area a,,, that is heavily
weighted by the larger inhomogeneity areas and therefore
misrepresents the distribution. For this reason, we avoid
the exercise altogether.

o

Assuming that the effective area of an inhomogeneity in
a given MOS capacitor scales with the electrode area, the
data given in Table 1 are now normalized to the 0.2-mm”
electrode and are presented in Fig. 2 as a function of the
inverse of the oxidation temperature. Let D(a, ) be the
distribution of the effective area of the inhomogeneities
associated with an oxidation temperature 7 . The effect
of T, on D(aTOX) is marked, particularly for the upper lim-
its of these distributions. Although the variation of D(a,, )
with T, is of considerable interest, more intriguing is the
fact that almost the entire range of areas is reasonably
well accounted for by a single mean lower barrier height
‘1_’1 = 2.43 eV. This finding is indicative of a definite struc-
ture that characterizes these inhomogeneities.
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Figure 3 illustrates some general current trends for Al-
SiO,-Si(p) MOS capacitors with oxides grown at 1200°C
and etched back to a nominal thickness of 36 nm for fields
F = 500-800 MV/m and ambient device temperatures T =
300-575 K. Given here as solid curves are the calculated
loci of J (T, F) and J (T, F) for
J,=(1 —a— 200, + (@+ 20, )]
with J and J, as defined earlier; & and o are the mean
fractional area and standard deviation associated with ¢,
and are given by 2.71 X 10 *and 1.11 x 107°, respective-
ly. The data points shown are the experimental current
densities J(T, F); the dashed lines indicate trends. Some
data at 500 and 600 MV/m, which would mainly illustrate
the variability of the experimental currents, were omitted
from the figure to avoid clutter. At 800 MV/m (O) the J
values fall within the region bounded by J, and J_ for the
entire range of ambient temperatures. At 700 (A) and
600 MV/m (O, W) the temperature dependence of J is
stronger than that of J_. At 500 MV/m (O, @) the temper-
ature at which the J values exceed J_ is generally lower.
At 500 MV/m the J values are larger than J, at all the
temperatures used. (Shading of the data points indicates
that only a single sample was used for all temperatures
while the open symbols indicate a discrete sample.) This
behavior is indicative of a component of current that
dominates at low fields and that has a stronger temper-
ature dependence than that predicted by the generalized
model of field emission.

Results of field-temperature tests for MOS capacitors
with dry thermal SiO, grown at 1200° and 1000°C (nominal
film thickness of 100 nm) are summarized in Table 2.
These MOS capacitors, with a total of 38 units in each
ensemble, were stressed at a stress temperature 7 of
500 K at 400 MV/m (negative polarity applied to the Al
electrodes). Figure 4 shows the cumulative number of
breakdown events (disregarding ‘‘time-zero’’ failures) as
a function of the time .

The distributions of times to breakdown, obtained from
the field-temperature stress test (life-test) results, can be
understood in terms of a statistical multinomial model.
The assumption here is that any given ensemble of N
MOS capacitors consists of / subsets, i = 1, - - -, K, each
subset having N, members, such that N = 2f=1Ni. Now,
let p(¢) be the probability that a capacitor of type / will
break down within time ¢. The probability that n capaci-
tors will break down within ¢ is

K

n AT Ne—ny

Pt = ZI]@%MMme“n 3
In=n i=1 i

where the sum is over all distinct integer solutions of

* ., n, = n. The expectation value for the number of

i=1 i
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Figure 3 Ambient temperature T dependence of the current
density. Solid lines are computed; see Eq. (2) and text. Data
points are for F (MV/m) of 500 (O, @), 600 (O, W), 700 (A), and
800 (). Shading of the data points indicates that only a single
sample was used for all temperatures, while the open symbols
indicate a discrete sample.

Table 2 Results of field-temperature stress tests on MOS ca-
pacitors with dry thermal SiO, grown to 100 nm; 7, =
500 K, F = 400 MV/m.

Oxidation Number of failures at Number
temperature 0-0.1h' 0.1 h-end” surviving
Q)
1200 6 9 23
1000 15 4 9

'Includes screening failures (room temperature) and ‘‘time-zero™’ breakdowns (500 K).
21950 b for T,, = 1200°C; 1000 h for 1000°C.

capacitors breaking down within ¢ is

(n(t)) = > N,p[), @

i=1
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Figure 4 Cumulative number of breakdown events Ng/N for
MOS capacitors for T, = 1000° (O) and 1200°C (OJ) vs. time to
breakdown 7. The curves represent the fit of Eq. (4) to the data
with parameters as discussed in the text.

Table 3 Results of field-temperature stress tests on MOS ca-
pacitors with thin oxide films; T, = 500K, F = 400 MV/m.

T_(C) 1200 1000 850
Oxide thickness (nm) 36’ 36° 25°
Total number of capacitors 38 76 75
Screening failures 20 33 17
Time-zero breakdowns 1 8 21
Stress breakdowns 11 24 35
Number surviving test’ 6 10 0

!After etch-back.
?As-grown. . . .
%500 h for 7,, = 1200° and 1000°C; 182 h for 850°C.

and the mean square deviation is

o* = X Np 0l - p(0)]. (5)

Assuming the breakdown events occur randomly, the
form chosen for p(1) is

MORRIS SHATZKES ET AL.

pi) = 1 — exp (—t/1), (6)

where 7, is the mean time characteristic of the ith subset.

Returning to Fig. 4, let B(t) be the experimentally
observed number of breakdown events that occur within
t. The curve associated with the 1000°C breakdown data
was obtained by a least-squares fit of

(n(t)) = N,[1 — exp (=t/7)] + N,[1 — exp (—1/7,)]

to the experimental data, with N, N,, 7,, and 7, being 4,
10, 3.1 h, and 194.5 h, respectively. This fitting was done
iteratively, such that

1/2
[ > Ka(®) — B@O)IA(NDP — 1)*‘} -0, )
t

where NDP is the number of data points under consid-
eration. The curve associated with the 1200°C oxidation
data was obtained in a similar manner, with N, N,, 7,
and 7, being 6, 5, 616 h, and 1413 h, respectively. This
result suggests, for the two subsets, a total of 11 break-
down events, whereas up to 1950 h we observed only 9
events. The implication here is that the test was termi-
nated before the last two events occurred; these are
expected at =2500 and 10" h. Considering the number of
capacitors that did not fail upon termination of the stress
test (Table 2), the supposition is that the remaining
capacitors are associated with larger characteristic break-
down times.

Results of field-temperature stress tests of MOS capaci-
tors with thin oxide films are summarized in Table 3. All
capacitors were stressed at 500 K at 400 MV/m (negative
polarity applied to the Al electrodes).

Figure 5 shows the cumulative numbers of breakdown
events associated with the etched-back 1200°C films (OJ),
and the as-grown 1000° (O) and 850°C (A) thin-oxide
films. Also shown are three curves describing the
expectation values of times to breakdown. The
expectation curves associated with the 1200° and 1000°C
data were calculated using Egs. (4) and (6) for K = 3,
while for the 850°C case we used K = 2. The deviation
between each of the curves and the corresponding experi-
mental data was calculated from Eq. (7). The values for
N;, T,, and the deviation o for the three data sets are given
in Table 4.

For the 1000°C set, we did not have the times for the
early breakdown events; however, we used the shape of
the available data, together with Eq. (7), to calculate the
expectation curve. Thus, we can account for most of the
early failures. The expectation curve for the 1200°C data
was calculated with >’ > N, = 13, whereas up to 500 h we
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observed only 11 breakdown events. The explanation for
this discrepancy is as discussed earlier; see Table 3.

For the MOS capacitors with the 36-nm (after etch-
back) oxide films grown at 1200°C, we extended the
screening process by measuring the current at 600 MV/m
for 100 s at room temperature before the conventional
screen. The choice of 600 MV/m was made so that we could
measure currents even in MOS capacitors containing
small defects. As it turned out, those capacitors showing
excessively high currents failed within this 100 s of cur-
rent measurement. The remaining capacitors showed no
breakdown when subsequently put through standard
screening; when they were put through the field-tem-
perature stress test, only a single early breakdown oc-
curred. Referring to Table 3 (the 1200°C oxidation tem-
perature group), out of 18 capacitors on stress test only
one had an early breakdown, compared with 8 break-
downs out of 43 and 21 out of 58 for the 1000° and 850°C
groups, respectively. This supports our hypothesis that
early breakdowns and tail defects are related. The fact
that we were able to measure high-field /-V characteris-
tics of MOS capacitors with tail defects at all is probably
due to our technique of using pulses of short duration.

Discussion

Oxide quality is often determined from life tests and is
quantified in terms of a defect density [1]. Another
method is the ramp test [1], where the applied field is a
linear function of the time and the breakdown probability
density is presented as a function of the field. The statisti-
cal model has implications concerning each of these mea-
sures of oxide quality.

To be definite, and so that explicit results can be ob-
tained, assume a Poisson distribution for the defects. The
probability that a capacitor has n defects is then e ™u"/n!,
w being the mean number of defects per capacitor. As-
suming that the mean time to breakdown for a capacitor
with n defects is 7,

lfr, = 1/7y + nf7,,

where 7, and 7, are the respective mean times to break-
down for a defect-free capacitor and a capacitor with a
single defect. The factor n enters since the mean time as-
sociated with n defects is taken as inversely proportional
to the area of the defects [25]. A small correction due to
reduction of defect-free area, which would alter the 1/7,
term, is neglected. The expectation value N for the num-
ber of capacitors breaking down within ¢ is

) —M n
~ € -
N,=N Y nf‘ (1= e
n=0 *
=N [1 _ e—t/‘roeﬂt(l—e—l/n)]. (8)
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Figure 5 Cumulative number of breakdown events for MOS
capacitors with thin oxide films grown at 1200°C and etched back
to 36 nm (O0); 7., = 1000°C, grown to 36 nm (O); and T, =
850°C, grown to 25 nm (A). The curves represent fits of Eq. (4) to
the experimental data with parameters as discussed in the text.

Table 4 Parameter values for three data sets shown in Fig. 5.

7, CO Nyi= 7, (h);i= o
! 2 3 ] 2 3
1200 2 b) 6 3 32.1 350.2 035
1000 10 12 9 0.141 5.15 195 0.55
850 8 29 - 0.85 42.5 — 0.66

In Figs. 6(a) and (b) we display N;/N as a function of
the normalized time ¢’ = ¢/, for various values of  and r
= 7,/7,. The influence of defects on the shapes of the
curve is evident and indicates features observed in the
data. For large u, a steep rise is seen and the effect of 7, is
minimal. The shape for & = 4 is similar to that observed
for the capacitors oxidized at 850°C (given in Fig. 5),
where we expect the largest defect density or large w.
When w is near one and r small, a plateau is found; see
Fig. 6(b). This plateau arises since with small y a signifi-
cant number of capacitors can be defect-free and they will
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Figure 6 The fraction of samples broken down Ng/N [given by Eq. (8)] as a function of the normalized time {' = t/7, and the average

number of defects per sample p. In (a) r = 74/7, = 1, in (b) r = 0.01.

last significantly longer than defective capacitors when r
is small. This type of curve is similar to that observed for
the capacitors oxidized at 1000°C that were given in Fig.
5. Thus, Eq. (8) contains the features we observed experi-
mentally; we preferred the analysis of our data given in
the section on results and analysis since we did nct wish
to assume any specific distribution a priori and because
our sample sizes were limited.

The yield Y is defined as
Y=1-N,/N C)

and is commonly assumed [1] to be related to a defect
density D, according to

Y= e, (10)

where A’ is the capacitor area. As pointed out by Solo-
mon [1], D is a function of the field and the time of appli-
cation of the field. From Eq. (7) we have in our model that

, an

which indicates the field (r, and 7,) and time depen-
dences. The actual defect density is u/A’. For the as-
sumed defect density D to approximate u/A’, the follow-
ing inequalities should be satisfied:

n
—tiTy —M(1—e )
Y=¢ "

T <<t << KTy (12)

If low fields are used, ur, is expected to be large and the
second equality is probably obeyed, but then 7, is also
large and long times are required for the experiment. At
high fields, the problem is that y is not known prior to the
experiment and one cannot be confident that the second
inequality is satisfied. Thus, a technique to ascertain a
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defect density that does not rely on breakdown is desir-
able. The conduction method described previously pro-
vides such a technique.

In the ramp method, the probability density
p=L (dNB) (13)
N \ dF
is plotted as a function of the oxide field F and F = R,
with R being a constant. For this case, Eq. (8) is revised
so that

i R S 0 ~1(1-Qu),

N o° ’
[45 Aj’ﬁ
R'l'o _ R-r1
Q,=e o, Q=e o (14)

If we assume, following Solomon, Klein, and Albert [26),
that the dependences of 7, and 7, on the field are given by

-F -F

Ty = Te mand 7, = 7 %, (15)
we obtain

7.0\ O _ua-
p=(1+l‘-01)RQeu<1Q,);

7 To

F F
_ _Fu (eTm_[) _Q(eﬁ_l)

Q,=¢ Fu, :

Equations (16) are a generalization of the result of Solo-
mon, Klein, and Albert [26] to the case of a Poisson distri-
bution of defects and reduce to their equation in the ab-
sence of defects (r, — «).

0, =e Fu : (16)

Figures 7(a)-(c) and 8 present the distribution p for

choices of the parameters 7., F,, 7,0, F;,» and g, which

00’ 10’
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Figure 7 Breakdown probability density p as a function of the field F and u, as given by Eqs. (16) for various ramp rates R (MV/m-s);
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Figure 8 The same as Fig. 7(b) except that 7, = 7.28 X 10 s
and Fjy = 11 MV/m. Vertical lines are the data of Osburn and
Ormond [26] converted to a probability density.

are essentially arbitrary except that in Fig. 8 the combina-
tion used essentially fits the data of Osborn and Ormond
[27] for R = 100 MV/m-s. The following conclusions can
be reached:

e The position of the peak is logarithmically dependent
on the ramp rate R, and each of the peaks shifts to
higher fields as the ramp rate increases. The shifts are
equal for each decade increase in R. This is evident
from Figs. 7(a)-(c).

e For small u and large R, the effect of the defects is to
broaden the distribution and shift the peak to lower
fields [see Figs. 7(a) and 8]. This feature can account
for the width of the distribution found by Osborn and
Ormond [27], which could not be explained [1] by the
defect-free theory of Solomon, Klein, and Albert [26].
This is clearly shown in Fig. 8. The defect-free (u = 0)
curve is not a good fit to the data of Osborn and Or-
mond (which we reproduce); however, the u = 2 curve
is a good representation of those data.

® When u is large and R low, a bimodal distribution is
observed [as seen in Figs. 7(b) and (c)]. This is analo-
gous to the distribution observed by Fritzsche [28]. At
high R, the defect-related breakdown mode tends to
merge into the intrinsic mode.

A wide range of ramp rates are thus desirable in ramp
testing. By using only fast ramps, much information con-
cerning defects is lost because defect-induced break-
downs cannot be separated from intrinsic ones. With only
slow ramps, if the defect density is large, the intrinsic
breakdowns will not be observed.
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